Abstract: A stimulated thermal Rayleigh scattering (STRS)-based self-injection locking technique is proposed and utilized in fiber laser to improve its spectral purity. Both theoretical and experimental analyses of the STRS-based filter and the interaction mechanism between the STRS-based filter and self-injection locking are demonstrated in detail. These analyses verify effects of the proposed method on single-longitudinal-mode (SLM) selection and linewidth compression. A fiber laser employing STRS-based self-injection locking configuration is designed, and a significant improvement of spectral purity comparing to commercially available lasers is achieved. Experimental results indicate that this fiber laser operates at SLM regime and has a linewidth of 45 Hz, and can be widely applied in distributed sensing, optical communication, and high-resolution optical spectrum analysis.
Introduction
The spectral purity of fiber laser is of considerable interest for those focusing on extending the maximum measurable range of distributed sensing systems. As a reference, a fiber distributed sensing system with a measurable range of a few hundred kilometers used in the strain and temperature sensing of petroleum pipelines, cross-sea bridges and etc. always requires a laser source with a coherent length of the same magnitude. Nevertheless, such an extremely long coherent length implies a single-longitudinal-mode (SLM) laser output and a linewidth of ∼100 Hz, which are much beyond the capability of commercially available lasers [1] , [2] . Similar drawbacks caused by the low spectral purity of current lasers could be found in optical communication [3] , highresolution optical spectrum analysis [4] , [5] and etc. All of these limitations give great motivations to exploit effective ways for both SLM selection and linewidth compression to enhance spectral purity.
Several SLM selection approaches such as short cavities [6] , saturable absorbers [7] , twistedmode elements [8] , passive multiple ring cavities [9] and injection-locking feedbacks [10] have been witnessed in the past decade. Despite offering robust SLM outputs, almost all of these methods had little benefits to linewidth compression, and to some extent, may even broaden the linewidth by self-pulsation effect, refractive index variation related to intensity and other negative factors. In order to further compress the linewidth of these SLM lasers, researchers added frequency selecting elements such as fiber Bragg gratings (FBGs), dispersion gratings, arrayed waveguide gratings, thin-film dielectric interference filters, Fabry-Pérot (FP) filters, and Mach-Zehnder interferometers (MZI) into the laser resonant cavities to suppress the sidebands from the major peak [5] . However, those filters can barely achieve laser linewidths in the order of ∼MHz. In recent years, spontaneous and stimulated scattering in optical fibers was reported as an effective tool to construct frequency selecting elements. For instance, S. Norcia proposed in 2003 a fiber laser based on stimulated Brillouin scattering (SBS), which could compress the laser linewidth to ∼25 kHz [11] . After that, T. Zhu reported in 2014, a linewidth compression method based on Rayleigh backscattering (RBS), and because RBS has a narrower intrinsic linewidth than SBS, Zhu compressed the laser linewidth to 130 Hz [12, 13] . However, since spontaneous RBS origins from the random local entropy fluctuations introduced in fiber manufacturing process, its central frequency may lose stability when external environment changes. Comparing to SBS and RBS, stimulated thermal Rayleigh scattering (STRS) in optical fibers has a narrower intrinsic linewidth in the order of ∼10 kHz [14] . Meanwhile, in STRS, scattered light is coherently enhanced by the interactions between the optical field and entropy fluctuations inside the fiber, thus the central frequency of STRS is naturally related to that of the incident light. And as a result, the stability of laser could be improved. There is no doubt that STRSbased filters have inherent potential to promote the performances of high spectral purity fiber laser. But since researches of the mechanism of STRS in optical fiber is still insufficient, how to design high effective SLM selection and linewidth compression devices based on STRS has become an open issue.
In this paper, the interaction mechanism between the STRS-based filter and self-injection locking are thoughtfully analyzed. By means of the narrow intrinsic linewidth, tiny frequency shift and exponential-rising response of multi-peak STRS in optical fiber, the combination of the STRSbased filter and self-injection locking would promote both the performances of SLM selection and linewidth compression, which corresponds to a significant improvement of the spectral purity in fiber lasers. Finally, a high spectral purity fiber laser employing STRS-based self-injection locking technique is proposed which experimentally verified the validity of the proposed method.
Principle
As shown in Fig. 1 , the fundamental configuration of self-injection locking could be divided into 2 parts. The main ring cavity (MRC) integrating Erbium-doped fiber amplifier (EDFA), OC1 and OC2 (optical coupler) is utilized to generate high output power and supply light for injection branch. Meanwhile, transition light in injection branch is filtered by the frequency selecting element and then fed back into MRC, where the filtered light would clamp the phase of oscillation modes in MRC and force them to operate at the frequency of injected light as long as the injection locking condition is satisfied [10] :
where, ω i n is the angular frequency of the injected light, which is equal to the central frequency of the frequency selecting element; ω 0 is the angular frequency of free-running mode in MRC; the injection locking region ω i n is dependent on P i n , P 0 and τ, where P i n and P 0 are the optical powers in injected branch and MRC, τ is the cavity decay time which is ∼10 μs in this work [15] . In comparison to an external-injection locking laser, this self-injection locking configuration reduces the output instability, which is caused by mechanical vibrations, thermal influences, and feeding back part of its output through the injection branch. This configuration also avoids supererogatory noise introduced by external seed lasers, and thus promotes the spectral purity of fiber lasers. Obviously, the spectral purity improvement of this configuration directly depends on the filtering performance of the frequency selecting element. As will be interpreted below, STRS in optical fibers exhibits excellent frequency-selectivity and can be expediently applied in self-injection configurations.
The Principle of STRS-Based Filters
As mentioned in previous researches, STRS in optical fibers origins from the interactions between the internal optical fields and entropy fluctuations in optical fibers, which are governed by nonlinear wave equation and heat transfer equation respectively [16] , [17] :
where, optical fields and entropy fluctuations are represented by the optical vector, and the temperature variations T respectively; ρ, C, κ, α and n are the statistical density, specific heat, thermal conductivity, optical absorption coefficient and refractive ratio of the fiber, respectively; A eff is the effective area; ε 0 and c are the permittivity and the velocity of light in vacuum.
With the slowly varying envelope approximation and undepleted pump assumption, (2) can be further simplified as a first-order partial differential equation relating pump power P 1 (ω 1 , z) and scattered power P 2 (ω 2 , z):
where, ω 1 and ω 2 are the frequencies of the pump and scattered light; z is the axis coordinate along the fiber and varies from 0 to the fiber length L; g(ω 2 ) denotes the Rayleigh gain spectrum (RGS). When a monochromic pump is injected into the fiber from the end of z = 0, P 1 (ω 1 , 0) and g(ω 2 ) can be simplified as:
where, g 0 = −(∂ñ/∂T )(αω 1 /ρC R cA eff ) denotes the peak value of the RGS, the minus in the front of the right-hand represents that the scattered light propagates in the opposite direction with the pump; (ω 2 
2 ] decides the spectral profile of the RGS; R = 2κ(β 1 + β 2 )
2 /ρC denotes the RGS linewidth and is approximately equal to2π · 10 krad/s in Corning SMF-28e + . 
When the initial condition is well-defined as P (ω 2 , L ) = P n (ω 2 ), the scattered power exited from the end of z = 0 can be obtained by solving (4) and (5):
where, L eff = (1 − e −αL )/α is well-known as the effective length. Note that RGS g(ω) acts as an exponent that determines the trend of a certain frequency component of scattered lights P 2 (ω 2 , 0); the positive/ negative sign of g(ω) indicates an increase/ decrease tendency respectively; and the maximum and minimum values of g(ω) correspond to the peak and valley values of scattered power respectively. Fig. 2 demonstrates the simulation results based on the above equations and coefficients used in this work are summarized in Table I . As shown in Fig. 2(a) , a typical representation of the RGS of Corning SMF-28e+ fiber is shaped in a distinguishing central symmetrical feature which is contributed by (ω 2 ). R is also labeled in this figure to make an intuitive and quantitative explanation about how R limits the RGS into a bandwidth of ∼10 kHz. This means that STRS in optical fiber can act as a narrow band filter to be employed in self-injection locking. Fig. 2(b) demonstrates the relationship between the scattered power P 2 (0) and the pump power P 1 (0), wherein P 2 (0) exhibits an exponential-rising tendency and a threshold feature as P 1 (0) increases. Once the incident power reaches the threshold (∼60 mW), the interference between pump and scattered lights would profoundly change the entropy distribution inside the fiber, and thus exert a global modulation on fiber refractive index through nonlinear polarization process. After that, this global modulation will lead to a coherent exponential-rising tendency of STRS. In our previous works, we observed this tendency experimentally, and proposed a method to suppress the associated SBS in STRS-based lasers [18] . As will be interpreted below, the exponential-rising tendency of STRS can promote the spectral purity of laser output.
The Mechanism of STRS-Based Self-Injection Locking
The combination of the proposed STRS-based filter and self-injection locking configuration can bring two remarkable improvements. Firstly, comparing to RGS, the frequency shift between STRS and its pump is fixed and just about R /2, thus, the frequency shift between the scattered light injected into MRC and free-running mode in MRC |ω i n − ω 0 | is in the same order with R . According to (1), such a tiny shift can satisfy injection locking condition even the ratio of P i n relative to P 0 declines to 10 −3 ∼10 −4 , therefore, more power can be retained in MRC. Furthermore, distinguishing from Spontaneous RBS, in STRS, the interactions between optical field and entropy fluctuation exerts an active global modulation on fiber materials, which would lead to a coherent exponential-rising tendency of STRS. Through gain narrowing effect [19] , the excessive power retained in MRC as well as the exponential-rising tendency of STRS would make the linewidth of laser output far narrower than R .
The second benefit brought by the STRS-based filter is contributed by the exponential-rising response and threshold feature of STRS in optical fibers. In order to make a quantitative analysis, this work revises the pump into an expression of multi-peaks:
where, l is a natural number representing the order of multiple modes oscillating in MRC. This revision is based on the knowledge that transition light in MRC tends to oscillate in multiple modes in the first few circles. And similar to the above derivation, when undepleted pump assumption is still suitable, multi-peaks STRS evolution in optical fibers could be rewritten as follow:
where, m is the hypothetical order of the scattered peaks. Equations (8) and (9) exhibit a high similarity to (4) and (5), which means the spectrum of the scattered light can be regarded as a superposition of responses to each pump peak. Furthermore, considering the strong frequencyselectivity of l (ω 2m ), each pump peak can only affect a tiny region in frequency domain around its central frequency, therefore, the overall STRS evolution in the injection branch can be simplified as the sum of a series of independent sub-evolutions driven by corresponding pump peaks. Thus, for two arbitral mode peaks l 1 and l 2 , the relationship between the scattered power ratio R 2 (l 1 , l 2 ) = P 2l 1 /P 2l 2 and the pump power ratio R 1 (l 1 , l 2 ) = P 1l 1 /P 1l 2 can be expressed as:
Equation (10) illustrates that the inserted STRS-based filter increases the power ratio between two arbitral mode peaks from R 1 (l 1 , l 2 ) to exp{[g 0 P 1l 2 L eff R 1 (l 1 , l 2 ) − 1]}, in other words, the power retained in secondary modes would be gradually transferred to the major peak during the transition trip in MRC, and while the power of sidebands decreases to the STRS threshold or below, a speed-upped SLM selection is achieved. Fig. 3 . The verification experiment of the multi-peaks STRS, wherein TLS, EOIM, OCir, FFSPI, PD and DAQ denote tunable laser source, electro-optical intensity modulator, optical circular, fiber Fabry-Pérot scanning interferometer, photodiode and digital acquisition system.
Experiment and Discussion

The Verification Experiment of the Multi-Peaks STRS
The setup shown in Fig. 3 is served to verify the exponential-rising response and independent evolutions of the multi-peaks STRS. The electro-optical intensity modulator (EOIM, Thorlabs LN81S-FC) was employed to modulate the tunable laser source (TLS, Yenista Tunics-reference) into major peak and ±1st order sidebands. With Jacobi-Anger expansion, the power ratio of the 1st order sideband relating to the major peak can be expressed as:
where, J 0 and J 1 denote the 0th-and 1st-order Bessel functions, respectively; phase equivalents Equation (11) indicates that R 1 (1, 0) can be adjusted by modifying voltages loaded on the EOIM, which can effectively simulate multi-peaks oscillated in MRC. The modulated light then entered fibers under test (FUT) where it raised entropy fluctuations and induced multi-peaks STRS. A fiber Fabry-Pérot scanning interferometer (FFPSI, Micron optical) with a free spectral range (FSR) of 40 pm and a fitness of 600 was utilized in this setup to monitor the scattered spectrum and detect R 2 (1, 0). Fig. 4(a) depicts the experimental results (star point) as well as theoretical expectation curve (solid line) deduced from (10) . According to the contrast between theoretical expectation curve and the experimental results, an exponential-rising tendency of R 2 (1, 0) with an exponent of 0.25, can be observed when R 1 (1, 0)varied from 0.1 to 1 (the power of major peak was set equal to 60 mW). Comparing to a linear tendency, this exponential-rising response implies that more power was transferred from the ±1st order sidebands to the main peak via the STRS-based filter. That means when the STRS-based filter is inserted into the injection branch of the setup shown in Fig. 1 , the power ratio between the secondary modes and major mode would be decreased by an accelerated transfer process.
Laser Integration and Linewidth Measurement
Finally, as shown in Fig. 5 , a fiber laser employing STRS-based self-injection locking configuration was established to further examine its effect on improvement of spectral purity. A 980 nm pump laser, wavelength division multiplex (WDM) and Erbium-doped fiber (EDF) were worked as an EDFA and supplied the laser output; the variable optical attenuator (VOA) involved in MRC was used to adjust the ratio between P i n and P 0 . This approach inserted (a) an STRS-based filter and (b) a short segment of SMF between the marks A and B in the injection branch, respectively. The FBG also acted as a rough filter which assigned an initial value to R 1 (1, 0) ; the geometry parameter of the tapered fiber is well-designed based on our previous work [18] . A self-heterodyne interferometer with a delay fiber of 25 km was also utilized in our configuration to detect the output spectrum. In principle, its spectral resolution is determined by the relationship expressed as follow [20] : spectrum distortion, which would limit the spectral resolution of self-heterodyne interferometer to ∼kHz(corresponding to delay fiber of ∼25 km).
Several research has been reported to further improve the spectral resolution of self-heterodyne method to ∼10 Hz. T. Zhu, for example, proposed a linewidth measurement method based on contrast difference with the second peak and the second trough of the coherent envelope [20] , [21] . M. Chen reported in 2015 a self-heterodyne method combined with Voigt fitting [22] , and since the 20dB bandwidth of Lorentzian spectrum is 10 times boarder than the 3-dB bandwidth, a shorter delayed line could be utilized in this method. Chen M's method struck down the restrictions shown in (12) , and achieved a spectral resolution in the order of 10 Hz with a 25-km-long delayed fiber. Fig. 6 represents the spectrums measured by self-heterodyne interferometer. Fig. 6(a) depicts the longitudinal-mode characteristics of the self-injection locking configuration when the STRSbased filter was removed from the injection branch, where an obvious multi-modes oscillation with a minimum longitudinal-mode separation of ∼8 MHz can be observed. For traveling-wave cavity, such a frequency separation corresponds to a cavity length of ∼20 m, which is close to the cavity length employed in this approach. After that, the STRS-based filter was inserted into the injection branch, and as shown in Fig. 6(b) , a robust SLM operation was achieved. Note that VOA1 inserted in MRC was set fixed during the measurements, therefore, the comparison between Fig. 6(a) and (b) proves that the STRS-based filter could accelerate the process of self-injection locking. In order to examine the promotion of the linewidth compression, partially enlarged views of the central peaks were also investigated. According to the Voigt-fitted curves (orange solid lines) demonstrated in Fig. 6(c) and (d) , linewidth was compressed from ∼2.2 kHz to 45 Hz when the STRS-based filter was inserted.
Conclusion
In this paper, an STRS-based self-injection locking technique is proposed by combining self-injection locking and STRS. The tiny frequency shift between Rayleigh scattered light and its pump allows more power retained in MRC which induces linewidth compression by gain narrowing effect. On the other hand, evolution of the multi-peaks STRS has been experimentally verified that it can accelerate SLM by the exponential-rising response of each STRS peak. Finally, a fiber laser employing STRSbased self-injection locking configuration is designed and tested. Experimental results indicate that this fiber laser operates in SLM and has a narrow linewidth of 45 Hz. A significant improvement of spectral purity comparing to commercially available lasers has been achieved through STRS-based self-injection locking technique.
